Ultrafine sol-gel synthesized iron oxy-hydroxides -FeOOH was investigated by XRD, TEM, Mossbauer and impedance spectroscopies and low temperature nitrogen adsorption. The influence of precursor molar concentration on the material morphology, crystalline and magnetic microstructures was studied. The model of initial precursors (FeCl36H2O) molarity influence on the mesoporous -FeOOH formation is proposed. The electrochemistry performance of obtained materials in aqueous electrolyte (1 M Li2SO4) was tested and lithium ions diffusion coefficients were calculated. The work is aimed to identify the optimal conditions for obtaining the perspective electrode material for supercapacitors.
INTRODUCTION
Iron oxides and oxy-hydroxides in particular akaganeite -FeOOH have a great scientific and technological interest due to its low cost and good stability as pigments, catalysts, sorbents and ion-exchange material [1] . The transition to ultrafine materials allows using size-related properties and expanding the application sphere. Superparamagnetic iron oxides and oxyhydroxides nanoparticles have been used for magnetic resonance imaging contrast enhancement, tissue repair, detoxification of biological fluids, hyperthermia, and drug delivery [2] . Akaganeite with high specific surface area is an outstanding adsorbent for removal of various pollutants [3] . Channel-type structure of -FeOOH is suitable for reversible intercalation of lithium ion with theoretical discharge capacity about 302 mAh•g -1 . Ultrafine -FeOOH first approbation as a positive material for lithium secondary cells demonstrates good lithium intercalation reversibility with a capacity of about 275 mAh/g [4] . There are several reports on -FeOOH, e.g. about very high capacitance up to 1400 mAh•g -1 [5] , which is caused by a series of reactions intercalation and conversion, formation/deformation of solid-state electrolyte interface layers and interfacial storage. As a result ultrafine beta-iron oxy-hydroxide is a promising electrode material for high-performance hybrid supercapacitor with the storage mechanism charge via rapid redox reactions on the electrode/electrolyte boundaries [6] . In view of these applications the obtaining of iron oxyhydroxide materials with mesoporous structure and controlled morphology has a great significance.
In this paper we investigate the influence of synthesis conditions on the structural, morphological and magnetic properties of ultrafine akaganeite and test electrochemical performance of these materials in aqueous electrolyte.
EXPERIMENTAL DETAILS
The iron hydroxides -FeOOH with tunnel structure and rod-like morphology was synthesized by controlled hydrolysis and precipitation. In a typical synthesis, 1 M aqueous NaOH was added dropwise into aqueous FeCl3 at 55-65 °C with vigorous stirring. Obtained colloidal solutions were kept at 65 °C for 24 h. The precipitates were collected and washed with deionized water several times and finally dried at 100°C overnight. Three systems (F1, F2 and F3) were obtained at different FeCl3•6H2O molar concentration in the initial solution (0.1 M, 0.37 M and 0.55 М, respectively).
Diffraction patterns were obtained with DRON-4-07 diffractometer (Cu Kα radiation). Bragg-Brentano geometry and a Ni K-filter were used. A qualitative analysis was carried out through ICSD structural models. The structural model for -FeOOH was based on the ICSD records #36400. Annealing at vacuum (850-900 °C for 4 h) of copper powder with an average grain size of about 50 m was used as reference sample for the determination of the instrumental peak broadening. The size of the coherently scattering domains was calculated by the Scherrer equation: cos
, where K is the Scherrer constant (K = 0.9),  is the wavelength (0.15405 nm),  is the FWHM (in radians) and  is the peak angular position. Pseudo-Voight was used for profile shape modeling. Тhe Mössbauer spectra were measured with a MS1104Еm spectrometer using a 57 Co -ray source and calibrated at room temperature with -Fe as a standard (line width 0.29 mm/s). The isomer shifts () are relative to Fe metal. The fitting was performed using UnivemMs 701 software. The specific surface area and pore size distribution were measured by nitrogen adsorption at 77.2 K (Quantachrome NOVA 2200e porosimeter). Before taking measurements, the samples were degassed at 150 °C for 6-8 h. The specific surface area was determined by the multipoint BET method. Pore size distribution was determined by BJH method [7] .
Electrochemical process at the electrode / electrolyte 03029-2 interface was investigated by cyclic voltammetry method using AUTOLAB Autolab PG-STAT 12/FRA-2 frequency. Experiments were carried by using standard threeelectrode scheme. The electrolyte was aqueous 1 M Li2SO4, platinum and silver chloride electrode was used as the counter and reference electrodes, respectively a powder electrode. The plate powder electrodes (area about 1.5 cm 2 , thickness 0.05 cm ) were prepared by nickel grid covering by paste on the base of synthesized materials including 10 mass % of С.
RESULTS AND DISCUSSION
All samples were monophase -FeOOH (Fig.1) . The increasing of iron-containing precursors causes the decrease of material crystallinity: the average sizes of coherent scattering domains (CSD) for F1 sample are about 15-20 nm, F2 -5-6 nm calculated from XRD reflexes broadening. At the same time F3 sample is close to amorphous. Morphological differences between samples were observed by adsorption porosіmetry method. The adsorption isotherm patterns of obtained samples and correspondent pores size distribution patterns are presented in Fig. 2 and 3 , respectively.
The continuous pore sizes distribution range from micropore to mesopore is observed for F1 sample. Mesopore size distribution for F1 sample is uniform in the 2-25 nm range and micropore fraction is present. However, when FeCl3•6H2O molarity increases to 0.37 M volume adsorbed at low P/P0 is low and total porosity is less with preferential reduction in mesoporosity, which indicates pore shrinkage. Low-pressure hysteresis for this sample may be associated with the change in volume of the adsorbent for example, the swelling of nonrigid pores. Microporosity is absent for F2 and a fraction of mesopores is retained for 6-16 nm range. The adsorbtion at high P/P0 (0.8) is the maximal for this sample -up to 265 cm 3 /g which is due to dehydroxylation as well as the possible structural change. F3 sample is characterized the narrow mesopore distribution in a range 2-10 nm with the micropore presence (up to 10 %). Therefore, the adsorption of isotherm shows a perfect Type V behavior accordingly to empirical classification of hysteresis loops given by IUPAC and H4 type hysteresis associated with narrow slit pores [8] . The specific surface areas for F1, F2 and F3 systems were 138, 143 and 190 m 2 /g, respectively. The F3 sample is paracrystalline and exhibit a relatively narrow distribution of pores only in the mesoporous range. [9] .
The effect of concentration on the size and morphology of particles is shown in Fig. 4 : F1 sample consists of ellipsoidal agglomerates with the sizes about 40x200 nm. Agglomerates were observed for F3 sample too. At the same time F2 sample is characterized by separate particles with the average sizes not more than 30 nm. This result is confirmed by Mössbauer method.
Mössbauer spectra of all -FeOOH samples are characterized by presence of a dominating doublet component correspond to absorption by the nucleus of tetrahedral coordinated ions Fe 3+ in the high-spin state (Fig. 5) . The presence of two doublets caused by the difference in near surroundings of 57 Fe nuclei located in nonequivalent crystal positions in the inner and outer parts of sintered -FeOOH particles which form mesoporous grid [12] .The ratio between relative areas of these two doublets depends on the precursor molar concentration for all samples and it is minimal for F1 sample. Only for F1 sample it has very broad magnetic component of Mossbauer spectra so the average particle size is close to 15-20 nm.
We can suggest the following model of precursor's molarity impact on of iron oxy-hydroxides nucleation. The first stage of the material synthesis involves the FeCl3•6H2O salts hydrolysis and [Ti(OH2)6] 4+ monomers formation where Fe 3+ ions are in the octahedral coordination [13] . Applying the partial charge theory [14] The aqueous NaОН solution as a pH regulator was used in our case (final pH was 8.5-9.0). At this stage the formation of the iron hydroxypolymers due olation interaction between hydrocomplexes will happen. Bridges formation during oxolation reaction ends with -FeOOH structure develops [15] . The tendency to average particle sizes decreasing with the enlarging of precursor's molar concentration can be explained by the peculiarities of a gel formation. Slow aggregation regime leads to enlarging the quantity of interacting clusters and particles (reaction limited cluster aggregation mechanism is dominated). The increasing of molar concentration at these conditions causes the sizes decreasing of primary clusters at the gel formation stage [16] . The decomposition of metalorganic precursor during the dried gel annealing leads to mesoporous iron oxide formation with morphological properties depending on the precursor's concentration.
CVA technique allows to obtain the information about the kinetics of the electrode process and mass transport through electrode/electrolyte (1 M aqueous Li2SO4) interface (Fig. 6) . The simplest system involves a quasi-reversible redox reaction with singleelectron transfer. The charge-discharge reaction for -FeOOH is one electron transfer: -FeOOH + Li + + e − ↔ LiFeOOH, where Fe(III) is reduced to Fe(II) during discharge and Fe(II) is reoxidized to Fe(III) during charge. The reaction allow estimate about one lithium ion reversibly intercalate/deintercalate into/from -FeOOH structure per formula unit.
There are several stages of the lithium-ion intercalation reaction near electrode/lectrolyte interface: lithium-ion diffusion transfer in the electrolyte, Li + -ion transfer through electrolyte/electrode interface and Li + -ion insertion and extraction through active materials. CV curves (Fig. 6 ) are characterized of a pair of weak redox peaks indicating the capacitance are induced both by Faradaic redox reactions and electric double layer formation.
The increasing of scan rates leads to the oxidation and reduction peaks shifting to more positive or negative potentials, respectively. This indicates increasing of the electrode internal resistance during cycling. The specific capacitance of the electrode was calculated from the CV curves as The capacitance of the -FeOOH electrode increases with the enlarging of material specific surface area (Fig. 7) . A highest specific capacitance of F2 can be obtained at 1 mV/s − 1 for the F2. When the scan rate is increased to 50 mV/s the specific capacitance of these electrode drops to F/g (retain 15 % of its initial value). For all systems the specific capacitance decreases with the scan rate increasing which is caused by the electrolyte ions diffusion limiting at high scan rates. 
CONCLUSION
The variation of precursor's (FeCl36H2O) molar concentration during ultrafine -FeOOH sol-gel synthesis allow to obtain the mesoporous superparamagnetic materials. Ультрадисперсний оксигідрооксид заліза -FeOOH, синтезований золь-гель методом, досліджува-ли за допомогою рентгенівської, TEM, Месбауерівської та імпедансних спектроскопії та низькотемпе-ратурної адсорбції азоту. Вивчено вплив молярної концентрації прекурсорів на морфологію, кристалі-чну та магнітну мікроструктури матеріалу. Запропоновано модель впливу молярності вихідних пре-курсорів (FeCl36H2O) на формування мезопористості -FeOOH. Проведено електрохімічні досліджен-ня отриманих матеріалів у водному електроліті (1 M Li2SO4) та розраховано коефіцієнти дифузії іонів літію. Робота спрямована на визначення оптимальних умов для одержання перспективного матеріалу для електродів суперконденсаторів.
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